The enhancement of C 02 fixation in isolated, intact spinach chloroplasts by ascorbate or by low sulfite concentrations (< 1 m M ) is strongly reduced or even abolished by the addition of superoxide dismutase (SOD). By the use of 35S032_ it is demonstrated that the rate of sulfate formation is much lower than the sulfite induced increase in C02 fixation. This indicates that the superoxide radical is the chain initiating event; and, in parallel to ascorbate (Elstner and Kramer, 1973) , the H S03' radical, acting as a Hill reagent for photosystem I, is reduced to sulfite in turn. The inhibi tory action of sulfite at concentrations > 1 m M is not relieved by SOD, since this effect is mainly based on a competitive inhibition of ribulosediphosphate carboxylase.
Introduction
It has been known for a long time that low SO., doses ( < 0.2 ppm) cause an increase in plant pro ductivity. Formerly, this was attributed to the im provement in sulfur supply1. However, incubation of isolated spinach chloroplasts with low sulfite concentrations ( < 1 m M ) demonstrated that 14C 0 2 fixation was enhanced2. As soon as a threshold concentration of about 1 m M sulfite was reached, C 02 fixation was inhibited competitively with respect to bicarbonate 3.
In contrast to total C 0 2 fixation, the Hill-reaction maintained a plateau even up to the concentration of 5 m M tested 2. A similar increase in C 0 2 fixation of isolated chloroplasts was reported to be caused by ascorbate 4/ 5.
There is good evidence that the sulfite oxidation is induced by the electron transport system of the chloroplast2' 6. The initiation of the oxidative chain reaction is coupled to the monovalent reduction of oxygen to the superoxide anion. Thus the enhanced ferricyanide reduction as well as the uptake of 0 2 can 'be abolished by the addition of S O D 6. The same is true for the ascorbate mediated enhance ment of photophosphorylation 7.
Requests for reprints should be sent to Dr. I. Ziegler The following experiments were concerned with three questions. Firstly they had to establish whether the superoxide radicals, generated during photo synthetic oxygen reduction8 were the cause only for the ascorbate mediated photophosphorylation7 or the sulfite stimulated electron transport in a re constituted system 6 > 2 or whether they finally result in an enhanced C 02 fixation of intact chloroplasts.
Secondly they had to show whether the inhibition of C 02 fixation by sulfite concentrations > 1 m M is independent of superoxide radicals. Finally, the sulfite oxidation in intact, illuminated chloroplasts had to be measured directly using 35S 0 32_, in order to compare the rates of sulfite oxidation and the enhancement of C 02 fixation.
Materials and Methods
Spinach was grown at 17 °C in a Heraeus in cubator (20 0001x; 1 0 hours light, 1 4 hours dark). The chloroplasts were isolated according to Jensen and Bassham9. Structural integrity of the chloro plasts was ascertained by the use of phase contrast and electron microscopy. About 70% of the chloro plasts were class I according to Spencer and U n t10. The absolute fixation rates varied depending on the stage of the plant material, but the relative ef fects of the treatments were not affected. The re sults presented in Figs 1 -3 were obtained using spinach plants grown for 4 -6 weeks following transplantation. Under these conditions the results within each series (with at least 4 experiments) were uniform. The fixation rates (~ 15 /miol/mg chlorophyll-h) were much lower than from spinach grown in the field, hut this was compensated by their uniformity.
The incubation medium (solution C according to I.e .9; final vol. 1.5 ml) was 5 mM with respect to sodium bicarbonate and contained 10 /tCi NaH14C 0 3, and chloroplasts (chloroplyll 30 -40 ^g/m l). A total volume of 0.1 ml of sulfite or ascor bate was added; 3.3 jug SOD were used. This is 8 times the concentration needed for 90% inhibi tion of adrenochrome formation, assayed according to Misra and Fridovich n .
The chloroplasts were illuminated with Agraphot BM (500 W ; about 15 000 lx) at 16 °C. The reac tion was started by the addition of NaH14C 0 3 and stopped by 2 ml acetic acid (80%) and 4 ml metha nol. Aliquots were dried, redissolved in 1 ml H 20 and counted in a scintillation counter.
Chlorophyll determinations were made according to A rnon12. Sulfite oxidation was followed by in cubation of isolated chloroplasts (2 5 -45 jug chlorophyll/ml) in solution C (1. c .9) at an il lumination of 26 000 lx. After 3 min of preillumi nation 0.1 ml of NaHS03 was added to the reaction medium to obtain the sulfite concentration indi cated (spec, activity 1 juCi/0.5 /raiol). The final volume was 1.0 ml. The reaction was stopped by adding 1 ml of 2.5 N HC1. After centrifugation, 0.5 ml of 0.5 M BaCl2 solution was added and the mixture was stored for about 17 hours under N2 at 4 °C. Under these conditions only the sulfate but not the sulfite ion is precipitating. After centri fugation, the precipitate was washed 3 times with 0.2 ml of 70% methanol, plated, and counted in a Geiger-Müller proportional counter. The data were corrected for background (Ba35S 0 4 at f0) 
Results

a. The effect of SOD on the enhancement of C 0 2 fixation by ascorbate or by low sulfite concen trations
In chloroplasts, pre-illuminated for 3 min, 1 mM ascorbate or 0.25 mM sulfite enhanced photosynthe tic C 0 2 fixation (Fig. 1) . The sulfite dependent in crease in C 0 2 fixation was completely abolished by SOD. Ascorbate increased the C 0 2 fixation even more, and this effect was only partially reversed.
Under these conditions of pre-illumination, SOD alone also stimulated C 02 fixation. The reaction was started after 3 min of pre-illumination by addition of NaH14C 03 and stopped after 6min illumination.
Without pre-illumination, the stimulation by ascorbate or by sulfite, as well as by SOD alone, was much less marked (Fig. 2) . The reduction of sulfite or ascorbate mediated enhancement by SOD was only minimal or even missing. 
b. The effect of SOD on the inhibition of C 0 2 fixation at high sulfite concentrations
In agreement with the above results the fixation rates of chloroplasts were increased by SOD alone and no enhancement was observed at low sulfite concentrations at its presence (Fig. 3) . At inhibito-ry sulfite concentrations, SOD did not prevent the decrease of C 0 2 fixation. There was no effect of pre-illumination on the sulfite dependent inhibition. 
c. The oxidation rate of sulfite in illuminated chloroplasts
In intact chloroplasts the rate of sulfate forma tion in the dark was very low (Fig. 4) . It was en hanced by illumination. The variability of the oxi dation rate may be due to the variability in oxida tive capacity, and, to some extend, to the variability in the precipitation reaction. Thus statistical treat ment of the data was necessary. Nevertheless a clear cut dependence of sulfate formation on sulfite con centration was demonstrated (Fig. 4, insert) . A pre cise determination of sulfate formation at stimula tory sulfite concentrations (0.25 -0.5 m M ) was, however, impossible as in this range approximately 4 //mol of sulfate/mg chlorophyll • h were formed (see inset Fig. 4) .
Discussion
The experiments demonstrate that the superoxide radical initiates a sulfite or ascorbate mediated en hancement of C 0 2 fixation in intact chloroplasts, as shown earlier for the Hill-reaction 6 and the photo phosphorylation 7. Even though during the isolation procedure, the ascorbate in solution A (see 1. c. 9) may only act as a protective agent, the results agree with the proposal of Elstner and Kramer7 that during illumination ascorbate together with the superoxide radical maintains photophosphorylation under NADPH saturated conditions; and seeming ly, low sulfite concentrations are acting in the same way. The fact that maximum 0 2'~ generation, in turn, is dependent on NADPH saturation may ex plain the need for pre-illumination to obtain a marked stimulation by ascorbate or by sulfite. In chloroplasts, which were isolated under nonisosmotic conditions, the rate of sulfite oxidation drastically exceeds the enhancement of the Hillreaction 7, whereas in intact chloroplasts, used in the experiments described above, the sulfate forma tion does not reach stoichiometric amounts com pared with the enhancement of C02 fixation. This is a further indication that sulfite is acting in analogy to ascorbate (see Fig. 1 in 1. c .7 ) : it is oxidized by the superoxide radical to form the H S 0 3' radical, which in turn, acts as an electron acceptor for photosystem I, being reuced to sulfite again. The 35S042_ accumulation in relatively high amounts, following fumigation with 35S 0 213 may be due to a sulfite oxidase in the plasma.
The failure of SOD to relieve the inhibition of C 02 fixation at sulfite concentrations > 1 mM strongly indicates that the inhibition is not linked to a radical chain reaction; rather it is consistent with the view that it is caused by competition be tween sulfite and C 022, that is, by competitive in hibition of ribulosediphosphate carboxylase with respect to H C 03~14.
Incidentally, the experiments revealed a marked increase in C 02 fixation by SOD itself, especially if the reaction was started after 3 min of pre illumination. At the present state of experiments two explanations my be offered. Firstly, some SOD of the stroma may have been lost during isolation, leaving mainly the enzyme which is bound to the lamellae15,16; and the bulk of superoxide radicals, arising after saturation of the NADPH pool8 can only be removed by addition of excess SOD. Se condly, broken chloroplasts, which comprise about 30% of the chloroplast population produce 0 2'-radicals; these, in turn, impair the C 0 2 fixation of the total preparation. This effect may be elimi nated by the addition of SOD.
The variability of ascorbate mediated enhance ment of C 0 2 fixation 5, which is also valid for sul fite, may be intimately connected with the variable leakage of stromal SOD. Constitutive differences in different plant species or differences during deve lopment may be of importance for differing S 0 2 tolerance and will be subject of further investiga tion.
